We have investigated terahertz (THz) electromagnetic wave generation from a semiconductor crescent-shaped quantum wire structure. The THz electromagnetic wave was generated by ultrashort optical pulse excitation, and detected with the freespace electrooptic (EO) sampling method. THz electromagnetic wave generation from the quantum wire exhibited excitation wavelength dependence. The amplitude of the THz electromagnetic wave was at a maximum at a slightly lower energy than the photoluminescence (PL) peak, and decreased with reduction of the excitation energy. The amplitude of the THz electromagnetic wave decreased rapidly at the fundamental absorption band edge of the GaAs substrate. Therefore the THz electromagnetic wave might be generated due to instantaneous polarization in the quantum wire.
Introduction
In recent years, terahertz (THz) electromagnetic wave generation techniques have been developed with ultrashort optical pulse techniques. Many THz electromagnetic wave generation methods using ultrashort optical pulses have been established. For example, THz electromagnetic wave generation techniques using semiconductor optical rectification, 1) optical parametric oscillation (OPO) 2) and photoconductive switches 3) were reported. In the THz wave generation technique using optical rectification, the radiation power of the THz electromagnetic wave was increased by applying a magnetic field, 4, 5) so that a compact THz electromagnetic wave radiation source with high power was achieved using a 2 T permanent magnet and a fiber femtosecond laser.
6) The photoconductive switches radiate relatively high-power THz electromagnetic waves, and are often used for several applications of the THz electromagnetic wave. The source in the case of the OPO technique radiates a THz electromagnetic wave of high power with a narrow bandwidth, and can be tuned in the radiation frequency in the range from 1 to 2 THz.
2)
The THz electromagnetic wave generation technique is important not only for the source but also for the measurement of carrier dynamics in quantum nanostructures. By using THz electromagnetic wave spectroscopy, it is possible to measure carrier dynamics such as coherent quantum oscillation and dephasing time, T 2 , of the excitation because THz electromagnetic waves generated from the quantum nanostructures result from the motion of the carriers. As a matter of fact, THz electromagnetic waves accompanied with quantum beats 7) and Bloch oscillations 8, 9) have been observed using THz electromagnetic wave spectroscopy, and agree with their theoretically estimated characteristics. Furthermore, preliminary THz electromagnetic wave generation from a quantum wire structure has also been achieved. 10) Thus, THz spectroscopy has made it possible to measure the carrier dynamics in the quantum wire.
In this paper, we report the excitation wavelength dependence of a THz electromagnetic wave generated from a crescent-shaped quantum wire structure.
Principle of THz Electromagnetic Wave Generation
In the quantum nanostructures, THz electromagnetic waves are generated as a result of coherent polarization created by ultrashort optical pulse excitation of the electrons and the holes, which move in the opposite direction. In a conventional quantum well, the electrons and the holes are generally moved by applying an external electric field. However, in the crescent-shaped quantum wire, the gravity centers of the charge of electrons and that of holes are different due to the structural asymmetry as shown in Fig. 1 , so that the crescent-shaped structure induces self-polarization in the quantum wire. Therefore, a THz electromagnetic wave is generated by ultrashort optical pulse excitation of the crescentshaped quantum wire without applying an external electric field. 10 ) Figure 2 shows a schematic energy level diagram of the quantum wire. A three-level system, which consists of the first electron level, the first heavy-hole (hh) level and the first light-hole (lh) level, is considered. Ultrashort optical pulse excitation of this system gives rise to a polarization 
in the quantum wire, 11) where ρ mn is the probability density of excitons between energy states m and n, and z is the displacement of the electron described by z = φ n |z|φ m . The first and second terms imply an instantaneous polarization formed by electron-hole pairs. The third term implies quantum beats between the hh and the lh, which occur as hh and lh are coherently excited at low carrier density. 12) This polarization induces a THz electromagnetic wave with the electric field related by E(t) ∝ ∂ 2 P/∂t 2 .
Sample Structure and Optical Characteristics
The crescent-shaped quantum wire sample used in our experiment consisted of fifteen periods of GaAs/AlGaAs quantum wires. The precise structure of the quantum wire sample is shown in ref. 10 . An (001)-oriented GaAs substrate was formed into V-grooves in the 001 direction by photolithography and wet chemical etching. The pitch of the V-grooves was 4 µm. A 300-nm-thick GaAs buffer layer, a 700-nm-thick Al 0.38 Ga 0.62 As buffer layer, GaAs quantum wires, and a 100-nm-thick Al 0.38 Ga 0.62 As protection layer were successively grown on V-grooved substrate by the metalorganic chemical vapor deposition (MOCVD) growth method with the flow rate modulation epitaxy (FME) technique. 13, 14) After the masks are formed on the quantum wires, the (100) quantum films on the mesa top and the (111) quantum films around the mesa top were removed using wet chemical etching. Very small crescent-shaped quantum wires have been clearly observed at the bottom of the V-groove by scanning electron microscopy (SEM). 10) All of the quantum wires had almost the same shape with a central thickness of 11 nm and a lateral width of 46 nm. These quantum wires are quantum-mechanically isolated from each other, because the spacer layers between the quantum wires were sufficiently thick (about 56 nm). After the (100) quantum films were removed, an Al 0.38 Ga 0.62 As layer was grown on the surface and polished to form a flat surface. Figure 3 shows a low-temperature photoluminescence (PL) spectrum and photoluminescence excitation (PLE) spectra. In the PLE measurement, one of the spectra was measured with the polarization of excitation laser parallel to the quantum wire direction (PLE ), and the other was measured with Temp. = 6K P// P the polarization perpendicular to the quantum wire direction (PLE⊥) as shown in inset of Fig. 3 . A sharp 1e-1hh exciton peak with a full-width at half maximum (FWHM) linewidth of 5-6 meV was observed at 1.550 eV in the PL experiment. In the case of PLE , a 1e-1hh transition was observed at 1.553, and a higher-order transition (2e-2hh) was also observed at 1.556 eV. Furthermore, a 1e-1lh transition was observed at 1.558, and a 1e-2lh transition was also observed at 1.562 eV in the case of PLE⊥. Thus, it is expected that a THz electromagnetic wave is at a maximum at the excitation energy of around 1.550 eV (800 nm).
Experimental Setup
The THz electromagnetic wave generated from the quantum wire was measured with the free-space electrooptic (EO) sampling method 15, 16) with a 1-mm-thick ZnTe crystal as the EO crystal. The experimental setup is schematically shown in Fig. 4 . The sample was held in the cryostat at a temperature of about 14 K, and irradiated by femtosecond optical pulses from a mode-locked Ti:sapphire laser (FWHM bandwidth of about 7 nm, repetition rate of 76 MHz) at an angle of about 45
• . The spot size of the pump beam at the sample surface was set to about 2 mm, and the polarization of the pump beam was parallel to the quantum wire direction. The generated THz electromagnetic wave was collected with a pair of off-axis parabolic mirrors, and was made incident on the ZnTe crystal collinearly with a probe beam. The pass of the THz electromagnetic wave was carried out in vacuum (8 Torr) to avoid the influence of water-vapor absorption on THz electromagnetic wave detection. The probe beam that passed through the ZnTe crystal was analyzed with a Wollaston polarizer, and the difference between analyzed probe beams was detected by a balanced photodetector. To measure the excitation wavelength dependence of THz electromagnetic wave generation of the quantum wire, the average powers of the pump and the probe beam were 80 mW and 5 mW, respectively, while the excitation wavelength was varied in the range from 780 nm (1.589 eV) to 820 nm (1.512 eV) at intervals of 4 nm. magnetic wave obviously varied with the excitation energy. Figure 6 shows excitation energy dependence of the observed THz electromagnetic waves in which the peak amplitudes of each THz electromagnetic wave are plotted. The PL spectrum is also shown in Fig. 6 for comparison. The amplitude of the THz electromagnetic wave was at a maximum at a slightly lower excitation energy (1.534 eV) than the PL spectrum peak (1.550 eV) and the 1e-1hh PLE exciton peak. At excitation energy lower than 1.534 eV, the amplitude decreased with reduction of the excitation energy, and showed a minimum at the excitation energy of 1.520 eV, which was as small as the detection limit. On the other side, at the higher excitation energy of more than 1.534 eV, the amplitudes increased with increasing excitation energy. The PLE spectrum with the parallel polarization shows nearly the same tendency above the energy of 1.558 eV. This result indicates that the THz electromagnetic wave was generated from the quantum wires by the instantaneous polarization accompanied by the creation of excitons, because the THz amplitude rapidly decreased near the fundamental absorption band edge of bulk GaAs (1.519 eV at low temperature).
Experimental Results and Discussion
The shift between the THz amplitude peak and the PL spectrum peak (about 15.34 meV) and the PLE spectrum peak originates from an increase in sample temperature (60-100 K) due to ultrashort optical pulse excitation with high average power.
Conclusions
We have investigated THz electromagnetic wave generation from a quantum wire structure in terms of excitation wavelength dependence. The THz electromagnetic wave was generated by ultrashort optical pulse excitation, and detected by the free-space electrooptic sampling method. Consequently, the THz electromagnetic wave was at a maximum at a slightly lower energy than the PL spectrum peak and PLE spectrum peak, and decreased rapidly at the fundamental absorption band edge of the GaAs substrate. Thus, the THz electromagnetic wave from the quantum wire structure might be generated from quantum wires due to the instantaneous polarization accompanied by the creation of excitons. The shift between the PL spectrum peak and the amplitude of the THz electromagnetic wave originates from an increase in sample temperature due to ultrashort optical pulse excitation with high average power.
